ABSTRACT -Jackfruit (Artocarpus heterophyllus Lam.) is a fruit with pulp rich in carbohydrates, calcium, phosphorus, iron and B-complex vitamins. A large amount of waste is generated in the pulp processing, in which the seeds are included. Jackfruit seeds are often consumed after cooking, and may also undergo roasting, milling and incorporation into bakery products. The remaining jackfruit seeds can be germinated as a means to increase its utilization, constituting a process that confers positive biochemical modifications to the nutritional quality. Thus, the objective of this work was to dry the germinated seeds of the jackfruit tree in a convective drier at 55, 65 and 75 °C with drying air velocities of 1.0 and 1.3 m s -1 , and adjusting different mathematical models to the experimental data. The Two-Terms model presented the best adjustment parameters among the ten mathematical models tested, resulting in the most adequate model to represent the drying behavior. The effective diffusivity increased with the increase in temperature, being in the order of 10 -7 m 2 s -1 .
INTRODUCTION
Jackfruit (Artocarpus heterophyllus L a m . ) i s a native fruit from India that is rich in nutrients, presenting food and agroindustrial potential due to its peculiar flavor and aromatic characteristics (BALIGA et al., 2011) . Only the pulp is used in human food during jackfruit processing, while the seed is discarded. However, considering its nutritional value, this waste can be incorporated into food formulations such as cakes, breads, or cookies, providing an increase in nutritional value and promoting cost reduction in the food industry through adding an ingredient which has lower purchasing power.
The use of jackfruit seeds in the food industry can become more attractive through transformations caused by the germination process, in which endogenous enzymes are activated resulting in significant changes in the biochemical and physical properties of the seeds (HAO et al., 2016) ; for example, the reduction in the antinutrient levels in the seeds through enzymatic actions.
The high content of the remaining moisture requires immediate drying after germination in order to avoid rapid deterioration of the product. Drying is an essential process for the grain and by-products industry in order to preserve quality and stability by reducing the water activity obtained by decreasing the moisture content. In this perspective, convective drying is a widely used and suitable technology for by-products, as it is generally used with dehydration of agroindustrial residues (VEGA-GÁLVEZ et al., 2010) .
It is of great importance to monitor the physical phenomena that occur during the product dehydration. Drying kinetics studies deserve interest from researchers in the area in the most diverse products, considering the diversity of the biological structures involved in heat and mass transfer, and the effects observed in each product. Information about the conditions with which the product loses humidity is sought after, being an issue which can be solved incorporating widely used mathematical models.
Both moisture transfer from the product interior to the surface and from the surface to the drying air in the form of vapor occurs simultaneously during drying. To determine the effective diffusivity and the convective coefficient of mass transfer, often the solution of the diffusion equation is coupled to an optimizer that, in general, it is based on the inverse method (SILVA; SILVA; LINS, 2011). Costa et al. (2011) and Faria et al. (2012) studied the mathematical modeling for drying crambe seeds (Crambe abyssinica); Sousa et al. (2011) , drying kinetics of forage turnip seeds (Raphanus sativus L.), among others reported.
In light of the above, this work was carried out with the objective of drying germinated jackfruit seeds in a convective dryer at 55, 65 and 75 °C, with drying air velocities of 1.0 and 1.3 m s -1 and to adjust mathematical models to the experimental kinetic drying data.
MATERIAL AND METHODS
The raw material used were jackfruit seeds (Artocarpus heterophyllus Lam.) of the soft variety from the 2016 crop obtained from the local fruit and vegetables trade.
The jackfruits were transported in wooden crates to the laboratory, where the mature specimens without mechanical and/or physical injuries were selected. The seeds were washed in running water and placed in trays to evaporate the surface water for approximately 2 h.
The procedure performed for the germination process was based on Silva et al. (2007) with adaptations, under conditions of good laboratory ventilation, in the shade, with natural temperature and relative humidity. The seeds were placed in trays with vermiculite substrate (approximately 700 g) and were irrigated with distilled water every 2 days (using 400 mL for each tray). The radicle was obtained after 15 days of germination with a standard length of 2.5 cm. Approximation, Two-Terms, Midilli, and the Wang and Singh mathematical models (Table 1) were fitted to the experimental data using the non-linear regression analysis by the Quasi-Newton method through the STATISTICA 7.7 ® computational program.
To evaluate which model produced the best fit, the coefficient of determination (R 2 ), the distribution of the residuals (random -A and biased -B) and the mean squared deviation (MSD) were used as parameters, with the latter according to Equation 13: (13) In which:
MSD -mean squared deviation;
RX pred -moisture ratio predicted by the model;
n -number of observations made during the experiment.
The drying rates were then calculated with the moisture content data (d.b.) of the germinated jackfruit seeds at each dehydration time according to Equation 14:
In which:
DR -drying rate (kg kg -1 min -1 );
X t+dt -moisture content in t + dt (kg water kg dry matter -1 );
t -drying time (min).
The effective diffusivity was determined by adjusting the mathematical model that represents the Table 1 -Mathematical models used to adjust drying kinetics data Where: RX -moisture ratio, dimensionless; a, b, k, n, q -model parameters; t -drying time, min analytical solution for Fick's second law (Equation 15 ) to the experimental drying kinetics data of germinated jackfruit seeds at different drying temperatures and air velocities. The average diameter adopted for the seeds was 0.0205 m, considering the approximation of its geometric shape to that of a sphere. (15) In which:
RX -moisture ratio of the sample (dimensionless); X -mean moisture content in time;
X e -equilibrium moisture content; X i -initial moisture content of the sample;
n -number of terms in the series. 
Henderson and Pabis Tables 2 and 3 with respective coefficients of determination (R²), mean squared deviations (MSD) and residuals distribution (RD).
According to Goneli et al. (2011) , the residuals constitute the difference between the values observed experimentally and the values estimated by the models, being plotted as a function of the estimated values of equilibrium moisture content. A model is considered acceptable if the residual values are close to the horizontal range around zero, indicating no bias in the results. It is observed that the Two-Terms and Diffusion Approximation models presented random distribution of the residuals for the studied conditions, resulting in better adjustments for the experimental drying kinetics data and confirming the analysis done through R 2 and MSD (Tables 2 and 3) . Faria et al. (2012) observed random behavior for the Diffusion Approximation model when studying the drying of crambe seeds for the temperature range of 40 to 70 °C.
It can be observed that all tested models fit well to the experimental drying data, presenting R 2 > 0.9000 and MSD < 0.12, which can be used to predict the drying kinetic curves of germinated jackfruit seeds. However, the Two-Terms model was considered the best to estimate the drying kinetic curves of the seeds among the models, presenting the highest R 2 and lower MSD. Santos et al. (2013) also indicated that the Two-Terms mathematical model was the one that best fit the experimental drying data of the residual grains of urucum with oil, presenting the highest R 2 values (higher than 0.99), and some of the smaller MSD values (drying at temperatures of 40 and 50 °C).
The k parameter of the Midili model, which represents the drying rate constant, increased with the increase in temperature, however it reduced at the temperature of 65 °C. Furthermore, the parameter n increased with increasing temperature, except at the temperature of 75 °C. In relation to the n constant of the Midilli and Page models, which is related to the internal resistance of the material to the drying (PEREZ et al., 2013) , it was observed that there was no defined behavior with the increase in drying temperatures.
It can be observed that the k and k 0 parameters (drying constants) of the Page, Diffusion Approximation and the Two-Terms models increased with the increase in drying temperature for the air velocity drying adjustments of 1.0 m s -1 (Table 2) , since higher temperatures lead to higher drying rates. The n constant in the Page and Midilli models increased with the temperature increase, suggesting that the external conditions have no influence on drying germinated jackfruit seeds; while in the air velocity dryings of 1.3 m s -1 (Table 3 ), k and k 1 parameters of the Page, Midilli and the Two-Terms models also increased. Giraldo-Zuñiga et al. (2006) also verified that the k parameter of the Page model increased with increased temperature by drying the pulp of the dried fruit in trays with natural convection at temperatures of 50, 60 and 70 °C. The k parameter tends to increase with the increase in the drying temperature, which corresponds to the higher drying rates, reaching the equilibrium moisture content in less time of the product being submitted to the drying air (CORRÊA et al., 2010) . The dehydrations were processed under a regimen of decreasing moisture removal rate in all drying conditions, constituting similar results to those found by Diógenes et al. (2013) and Santos et al. (2013) in pumpkin grains and residual urucum grains, respectively. Agricultural products with high initial moisture content (RESENDE; FERREIRA; ALMEIDA, 2010) easily lose moisture through diffusion to the environment due to the large pressure difference of water vapor between product and air. Depending on the evaporative demand for drying air, the moisture loss rate contributes to a marked reduction in moisture content, material size, and consequently volume (OLIVEIRA et al., 2011) .
The values of effective diffusivity and coefficients of determination (R²) obtained in the drying experiments of the germinated jackfruit seeds at temperatures of 55, 65 and 75 °C and air velocities of 1.0 and 1.3 m s -1 are presented in Table 4 . Figure 3 (a and b) shows the drying kinetic curves of the germinated jackfruit seeds adjusted with the Two-Terms model for temperatures of 55, 65 and 75 °C and air velocities of 1.0 and 1.3 m s -1 , respectively. As already noted, the drying time decreases with increasing temperature and air velocity, and the moisture ratio decreases with the drying time. Similar behavior was observed in studies carried out by several researchers in drying agricultural products (GASPARIN; CHRIST; COELHO, 2017; SILVA et al., 2016) .
It can be seen that the dryings under all conditions are faster in the first 500 minutes; from that time the moisture loss decreases and the internal resistance of the moisture outlet of the seeds increases, and the moisture ratio consequently decreases more slowly.
It is verified that an increase in the diffusivity occurs with the increase in the temperature and the air drying speed, which represents the speed with which the water migrates from the interior to the material's surface, from where it is vaporized (MENEZES et al., 2013) .
The dependence of the effective diffusivity on the drying air temperature was satisfactorily represented by the Arrhenius expression, according to Figure 2 (a and  b) , where, according to Melo et al. (2016) , the lower the activation energy in the drying processes, the greater the moisture diffusivity in the product. It is observed that the ln D eff values as a function of the absolute temperature inverse (1/T) presented similar behavior for the temperatures of 55, 65 and 75 °C, in relation to the studied air drying velocities of 1.0 and 1.3 m s -1 .
CONCLUSIONS
1. A higher moisture withdrawal rate of the product occurred with the increase in drying temperature and air velocities, proving the increase in the drying rate;
2. Among the tested mathematical models, the Two-Terms model best fit the experimental drying kinetics data of the germinated jackfruit seeds in all the evaluated conditions, presenting a larger R 2 , smaller MSDs and random distribution of the residuals; 3. The germinated jackfruit seeds presented effective diffusivity in the order of 10 -7 m 2 s -1 , increasing with 
